The need for critical tables has grown out of the spectacular fecundity of modern experimental research. Some fifty thousand scientific periodicals throughout the world present a wealth of material with which it is impossible for any one individual to come into mere physical contact, much less to digest and evaluate. A large part of the material thus published which is pertinent to critical tables comprises numerical data of various sorts, perhaps for the most part values of the various physical parameters which describe the properties of different materials, but also numerical values for fundamental constants such as the velocity of light or the intensity of gravity. This numerical material is subject to extensive duplication, for many measurements are made independently of each other. Furthermore, techniques are continually being improved so that continually better values are being obtained for ostensibly the same parameter. It is the primary function of a set of critical tables to subject this welter of numerical material to some sort of critical evaluation, which will enable the interested user to form a judgment as to the "best" value for any parameter, and also to make some estimate of the "probable" error of the value selected as the "best."
It is the purpose of this introductory talk to inquire into some of the principles which should control any attempt to select a "best" value or to estimate how good the "best" value may be expected to be. This inquiry will be both general and also particular, in so far as special kinds of parameters demand special treatment. I cannot hope to give you anything philosophically profound, or to do more than to present considerations obvious to every one of you who is willing to give the matter a little thought.
It is, I think, usually implied that not only should any critical tables endeavor to present the "best" values, but that they should also endeavor to find, within limits, the "correct" values. That is, the usual implication is that there is an "objective" background to all our measurement, and that the ultimate purpose of our measurements is to find the "objective" values of the various parameters, such as the velocity of light, which are true and correct independent of the measuring instrument or of the measuring agent. Now it may well be that something of this sort is an ideal, and a proper ideal of our measurements, but I think that examination of what we actually do when making measurements and determining the numerical values of our parameters will show that any such ideal is at best a limiting ideal which we never actually attain in practice and in fact never can attain. For it is obvious that the making of numerical measurements and the assessing of their probable excellence is unavoidably a human enterprise, and that all we can attain at any epoch is a consensus of the best opinion of qualified experts at that epoch. Now, with all due deference to my audience, the opinion of qualified experts is subject to the hazards of human frailty, and our evaluation of what can be accomplished by critical tables must take into account as one of the factors this element of human frailty. The importance of this factor may be compara-tively minor in a field which has long been cultivated and in which we feel confident of the theoretical foundations, but in a new field in which the foundations are not well laid, human psychology may play a surprisingly large role. Rutherford used to enjoy telling how the early measurements of e, the charge of the electron, clustered around the value 3 X 10-10, until he made the psychological break-through by publishing the value 4.8 X 10-10, around which all subsequent values have clustered.
The same thing is true, although to a much less degree, with regard to other fundamental physical constants. A study of the "best" values of these constants which have been published from time to time is informative. Thus the value published in International Critical Tables in 1926 for Planck's constant, h, was 6.554 X 10-27 with an indicated uncertainty of 0.001. Revised critical values published in 1929 and 1933 were 6.547 and 6.542 X 10-27, differing from the earlier value by considerably more than the indicated uncertainty. In 1941 came the psychological break-through by Birge, who raised the "best" value to 6.624, around which subsequent estimates have more or less clustered. The maximum estimated probable error of the three earlier values was much smaller than the jump in the absolute value between 1933 and 1940. Something similar has happened to the velocity of light; the estimated uncertainty in the I.C.T. value of 1926 was only half the shift in accepted absolute value since then.
Various more or less automatic and impersonal methods have been proposed for evaluating the probable error in a numerical value obtained by adjustment from various independent sources, but these have obviously not been successful up to the present, and there seems no completely "objective" method of estimating even the limits of error of any specific numerical parameter, nor can any precise logical meaning be given to the "probability" which we refer to when we talk about "probable" error. It seems impossible here to avoid the play of strong personal factors. It is perhaps more common for the individual investigator to overestimate the accuracy of his own measurements, but on the other hand, there are individuals who, recognizing this tendency, react by underestimating their own accuracy. Nevertheless, in spite of all this, the individual expert remains indispensable who gives his personal opinion, and who bases his opinion to a considerable extent on intangible factors which would be difficult to formulate and which involve a large element of his own experience.
Let us now imagine ourselves in the place of the expert confronted with the problem of estimating the best value for some numerical parameter and consider the various factors which he must consider. I suppose the tactics of our critical expert will to a large extent be determined by what he considers to be the nature of the numerical parameter which concerns him. Perhaps the first question is whether the parameter is one capable of indefinitely great accuracy, or whether it is one for which the physical nature of the subject precludes the assignment of a single unique value and permits only the establishment of a range of values. There are two sorts of parameter which permit indefinitely great accuracy. There are in the first place conventional constants, such as the standard atmosphere, which is fixed absolutely, by fiat, mostly on the simple basis of general convenience.
Then there are the mathematical constants such as pi or I, which may be computed to any preassigned limit of precision and with regard to which there is com-plete consensus of expert opinion. After the mathematical constants come the so-called universal physical constants, such as the velocity of light, or Planck's constant, or the charge on the electron. Such constants have to be determined by physical measurement, and since all physical measurements are subject to marginal experimental error, the "best" present values for these constants also are subject to necessary error. It might perhaps be thought that an estimate of the most probable present error could be obtained merely by a critical examination of the experimental material. Detailed examination will show, however, that this is not the case, but the present state of physical theory enters as well as the present status of instrumental technique. For at present physical theory recognizes two types of physical constant-those the determination of which is affected by the Heisenberg uncertainty relation so that mathematical absolute precision is never attainable, and measurements subject to no such limitation and ideally capable of indefinite and mathematical precision. An example of the first sort of constant would be a characteristic emission frequency, into the determination of which enter measurements of energy levels, and examples of the second sort are the velocity of light or the charge of the electron or Planck's h. Present theory treats these latter as exactly in the same class as the mathematical constants pi or I. One need not question the present justifiability of dividing the fundamental constants into two classes in this way, to at least recognize that the present attitude toward these constants depends on present theoretical consensus, and that if at any time in the future wave mechanics should be modified, consensus about the nature of these constants would change also. To me it seems intuitively probable that eventually no physically determined constant can remain on the level of the mathematical constants, for some sort of indefiniteness in physical measurement will always remain, whether of the Heisenberg sort or not.
In general, hardly any sort of physical measurement is possible which does not involve some element of theory, and the tactics of the measurement may well be influenced by the present status of the theory. A striking example is afforded by the recognition of the possible existence of isotopes. I well remember the consternation of T. W. Richards, who had acquired a well-merited world-wide recognition for his precise determination of atomic weights, when confronted with the realization that all his so-careful determinations of what he thought were eternal verities were only more or less blurred-out averages with mostly a casual significance. Since then the recognition of the existence of isotopes has radically changed the entire technique of atomic weight measurement. Strictly, recognition of the existence of isotopes should alter the whole method of presenting the properties of actual materials. Ideally, no density of a metal, for example, should be tabulated without specifying the isotopic constitution of the metal. Going still further, a complete characterization of the density of a specific metal would demand tabulation of the density of all pure isotopes. This is probably at present an unnecessary and impossible ideal, but I think we have at least the right to demand in a table of densities some indication of the range to be expected because of possible variation in the isotopic constitution. The range to be expected will depend on theory to a certain extent. The same requirement applies to all the other physical parameters. Attention to this requirement will obviously materially add to the complexity of present tables.
The way in which the various physical parameters are tabulated is to a certain extent an indication of the present state of the theory. The indication may be negative, by omission. Thus if the most probable value of the velocity of light is listed without specifying the date at which it was determined, the presumption is that the velocity of light is regarded as an absolute constant, not subject to secular variation or to variation with the position of the solar system in the sidereal universe. Neglect of both these factors can doubtless be justified within present limits of error by our present theory of general relativity, but if we neglect to record these factors we are in effect gambling that our present general theory of relativity will continue to command universal assent (which can hardly be maintained of it even now). In general, a record of the date of any measurement would seem to be an integral part of the data pertaining to the measurement.
We turn now to consider more explicitly some of the factors which obscure the significance of the numerical values for some of the parameters of specific concrete substances, as distinguished from the so-called universal constants. We have already mentioned the uncertainty arising from ill-defined isotopic composition. Indefiniteness of isotopic composition is by no means the only source of uncertainty, but with increasing precision of measurement new and unsuspected sources of uncertainty are continually uncovered. The ideal here is to present measured parameters only for material that is well defined, and with scientific progress our specifications for "well-defined" become continually more exacting. It has always been recognized that certain materials as they naturally occur are not well defined, but nevertheless, because of their practical importance, some indication of the values to be expected should be tabulated. A typical example is that of the natural woods. It is, for example, of practical importance to list expected values for the densities of various woods, in spite of the fact that the densities of two specimens from different locations on the same tree are measurably different, and also variable with moisture content. Nevertheless, tables of the density of wood are of value. They become of greater value if the expected range of variation under conditions which are specified as exactly as possible is also tabulated. It is probably impossible to give any rigid formal specifications which we can justifiably demand the expert who prepares the table to follow. What the expert does will be colored by his personal experience, and it is to our advantage that it should be so. What we do have a right to demand is that the expert should take us into his confidence to the greatest possible extent, and explicitly formulate as many of the considerations which have guided him as he can.
The same sort of indefiniteness that prevails with regard to the density of wood is characteristic to a less pronounced degree of the densities of other materials. Twenty or more years ago it was the prevalent opinion that the only well-defired solid material was the perfect crystal, and an ideal density was the density of single crystal material. But we now recognize that even this does not take account of all the factors at present known. For in practice the perfect crystal does not exist, but all actual crystals have dislocations. The number of dislocations may be relatively small when the crystal is small, as in a "whisker," but in larger crystals the relative number becomes larger, and also becomes more nebulous, being a function of past history, and so is not a single valued temperature function. Not only is the measured density of a single crystal affected by the number of disloca-tions, but it is also a function of absolute size and shape, when measurements are made accurately enough, because there are surface effects, and the mathematically precise lattice is distorted to a certain extent in the vicinity of the surface. For all these reasons the density of a single crystal of an isotopically pure substance is not well defined, and any critical table must give some indication of the range of variation to be expected.
If the material is "solid" but not a single crystal, there may be much greater uncertainties in its density. The density of a glass fluctuates through a range depending on its past thermal and mechanical history. If the possible previous mechanical stresses are increased by improvements in technique beyond limits previously thought attainable, fluctuations in density may be produced greater than at one time thought possible. Thus by subjecting quartz glass to a combination of shearing stress and hydrostatic pressure in excess of 50,000 kg/cm2, a permanent increase of density of 17 per cent has been produced, the material remaining a perfect glass and without any trace of crystallinity as shown by X-ray analysis. With progress in technique other new factors are being fodnd which are capable of producing permanent changes of density and therefore indefiniteness in the values which should be tabulated. There is, for example, the cross linkage in long chain polymers produced by electron bombardment, or the permanent changes in many metals produced after prolonged neutron bombardment in a pile. Or a photographic emulsion, made developable by a cosmic ray, has a density different from that of the unexposed emulsion. There is a logical puzzle here in dealing with this situation, for the fact that a cosmic ray has been received can usually be established only by developing the emulsion and thus irreversibly changing it.
When one burrows far enough into the microscopic structure of materials, one encounters an entirely new class of physical parameter the parameter which can be measured but not controlled. Such parameters doubtless play a dominating role in irreversible processes. But science has hardly yet reached the stage where the parameters of substances undergoing irreversible changes can be adequately included in critical tables.
The densities of liquids are subject to some of the same uncertainties as the densities of solids, although to a less degree. In the first place, internal equilibrium between different molecular species requires time to achieve; sometimes the sluggishness may be so great as to make difficult a sharply defined value within present experimental limits. This is particularly the case for organic liquids which solidify to stable and unstable solid forms. A somewhat different source of uncertainty is shown by liquids in the neighborhood of the critical point with the vapor. It used to be thought, on the basis of van der Waals' equation of state, or of some similar equation, that the critical point was a single well defined point with definite values for the pressure and temperature. It is now realized that instead of a critical point we have a critical region, within which there are rapid fluctuations of small scale density, distributed about some sort of mean according to a probability function. The situation here adumbrates a situation that is eventually going to make trouble when the accuracy of physical measurement is pushed to the limit. It is universally recognized that in tabulating any such parameter as density the temperature must be specified. Now this "temperature" is the thermodynamic temperature, defined in terms of equilibrium.
But when we make our measurements fine enough we find that equilibrium is never attained, and that therefore this "temperature" strictly does not exist. Present theoretical consensus is inclined to the view that if we want to get down to bedrock fundamentals we must replace temperature by some sort of statistical average of the mechanical variables of kinetic theory. I personally am not sure that this sort of thing can be carried through "in principle," because it seems to me that there are unsolved difficulties in applying the mathematical concepts of probability theory to concrete situations. However, I think that everyone will agree that difficulties of this sort are mostly in the future, and that they will play an almost negligible role in constructing the practical tables which will ultimately result from our present deliberations.
Mention above of van der Waals' equation of state brings up another sort of consideration fundamental to the construction of critical tables. A complete reproduction of the density (or volume) of any substance demands that it be given as a function of all the variables which are known to affect it. In general, these variables include such things as electric or magnetic fields, but for most purposes we may consider only the most important variables, which may be taken to be simply pressure and temperature. Even with this reduction, the complete tabulation of density as a function of pressure and temperature would usually demand a prohibitive amount of space. In many cases the experimental material can be reproduced by one or the other of the many equations of state that have been proposed, and the purpose of the tables is fulfilled if the constants of the equations for such substances are tabulated instead of the full range of experimental material. But these equations of state are usually erected on some sort of theoretical foundation, and acceptance of a specific equation involves some sort of commitment with regard to what is to be expected when the experimental range is extended beyond that now attainable. In such cases, some discussion of the theoretical background of the equation is necessarily involved in any critical presentation of the material. It may be that our theoretical understanding is not sufficient to justify any deduction of an equation of state, but that nevertheless empirical equations can be found which reproduce the experimental results within experimental error. In some other cases, it may be that our theoretical understanding, although incomplete, may be good enough to suggest that a particular type of equation is better adapted than some other. In such cases, discussion of the reasons for preferring this or that type of equation should be included with the numerical material.
There is another sort of physical parameter which in practice is subject to much greater fluctuation than density, namely, breaking strength. Under the conditions of daily life, fracture is one of the most unmistakable things that can happen to one. Fracture is always catastrophic, irreversible, and there is no question when it has occurred. Nevertheless, in spite of the definiteness of the phenomenon, the parameters which characterize it are among the most indefinite of the parameters which it is the task of a critical table to tabulate. The breaking strength of different specimens of ostensibly the same material may vary in a way frustratingly discouraging when it comes to practical applications. Differences of constitution which for other phenomena may be unimportant may be decisive with regard to strength, such as slight differences of chemical composition, or of surface condition, or of past history. We are gradually acquiring a better understanding of the way in which some of these obscure factors work, and also the ability to make specimens more reproducible with regard to fracture phenomena, but still our control is much less adequate than with respect to nearly all other physical parameters. Added to the practical difficulties there is a conceptual difficulty, for the concept of breaking strength becomes continuously less applicable when conditions are suitably varied, and eventually fails altogether. In particular, by raising the hydrostatic pressure to which a material is subjected the reduction of area before fracture may be increased indefinitely, so that eventually the material becomes incapable of tensile fracture and exhibits perfect plasticity. A further difficulty now appears, because in the plastic range the behavior of the material is by no means uniquely defined, but there -are different kinds of plasticity, one or the other of which may be called "perfect" from one or another point of view. Furthermore, in the plastic range a formidable difficulty of principle appears, because no reversible displacements whatever are possible. This means that it is impossible, at least for the present, to even define an entropy for the material. On the other hand, it has to be assumed that the material has an entropy whenever it is characterized in thermodynamic terms, as it is for purposes of a table. In spite of all this, it is essential for practical purposes to attempt to give in a critical table some characterization of the behavior to be expected of ordinary materials in the range of fracture and plastic flow. It does not as yet appear even what are the best sorts of parameters in terms of which to attempt the characterization. We are here dependent to an unusual degree on the expert in charge of this part of the table.
This discussion has been concerned almost exclusively with parameters which may be characterized as "mechanical," namely, density and strength. But I think it is evident that somewhat similar considerations could have been advanced with regard to the other parameters which are the proper subject matter of critical tables, such as the electrical or optical parameters. Always, I think, the same sort of situation will be encountered, namely, that as the accuracy of measvrement is increased and as we become acquainted with a wider range of new phenomena, it will become increasingly difficult to exhaustively define the conditions that are necessary to obtain reproducible results. Never will it be possible to deal with a world like this in a completely formal manner, nor will it ever be possible to reduce the construction of a set of critical tables to a rigid set of rules. Always will inspired common sense remain the most important requirement of those who are to produce the tables.
